In this study, the spatiotemporal characteristics of cloud-to-ground (CG) and intracloud (IC) lightning flashes observed by Surveillance et Alerte Foudre par Interférometrie Radioélectrique (SAFIR)-3000 over the Beijing metropolitan region (BMR) during 2005-07 were investigated. The results showed the presence of 299 lightning days with 241 688 flashes, most of which were IC lightning flashes. Only 19% of the total flashes were CG lightning flashes; 14% of these CG flashes were positive. Most lightning activity occurred during the summer months (June-August), with a major diurnal peak around 1900 Beijing standard time (BST) and a secondary peak around 2300 BST. Spatial variations in flash density and lightning days both exhibited an obvious southeastwardly increasing pattern, with higher flash densities or more lightning days occurring in the southeastern plains and lower values distributed on the northwestern mountains. The Z ratio (IC/CG lightning flashes) exhibited a similar spatial pattern, but the percentage of positive CG lightning flashes showed an almost opposite pattern. The results also showed significant topographic effects on the spatiotemporal variations in lightning activity. That is, flash counts on the northeastern and southwestern mountains peaked in the afternoon, whereas those on the southeastern plains peaked in the late night to early morning, which could be attributed to the propagation of thunderstorms from the mountains to the plains. The results showed that the SAFIR-3000 lightning data are more useful than CG lightning data alone for forecasting the development and propagation of thunderstorms over the BMR.
Introduction
Lightning is a natural electric discharge phenomenon consisting of cloud-to-ground (CG) and intracloud (IC) flashes, and accounts for many human casualties and tremendous property damage worldwide every year ). Lightning activity is closely associated with severe convective events that can exert significant impacts on human society and environments. Thus, much attention has been paid to the relationship between lightning activity and severe convective events. For example, MacGorman et al. (1989) studied two tornadic storms and found that IC flashes are typically governed by cloud particle interactions at heights of 7-9 km and cyclonic shears at lower altitudes, whereas CG flashes are primarily determined by the distances between positive and negative charge centers. Williams et al. (1989) attributed IC flashes to the accumulation of graupel particles in the central dipole region, and the subsequent CG lightning activity to decreased ice particles below the main negative charge region. MacGorman and Burgess (1994) examined the relationship between CG flashes and severe convective events in 15 thunderstorms with large hailstones and tornadoes. They showed that large hailstones were observed when positive CG flashes dominated, whereas tornadoes frequently occurred during or after the positive CG flashes peaked, suggesting that positive CG flashes are frequently related to severe thunderstorms. Carey and Rutledge (1998) found an extremely high Z ratio (i.e., IC/ CG flashes) and the occurrence of predominantly positive CG lightning after a hailstorm became severe. Wiens et al. (2005) showed that although IC flashes account for more than 95% of total flashes, frequent positive CG flashes coincide with rapid increases in storm updrafts and hail production.
With the rapid growth of lightning detection networks worldwide during the past few decades, observational data over long time periods have become available for studying the statistical nature and climatology of lightning and convective activity. Spatiotemporal distributions, polarity, flash multiplicity (i.e., number of return stokes in a lightning flash), and peak current have been analyzed, mainly based on CG flash data, to reveal various lightning characteristics in different geographical regions (Takeuti et al. 1978; Schulz et al. 2005; Rivas Soriano et al. 2005; Burrows and Kochtubajda 2010; Villarini and Smith 2013; Poelman 2014; Xia et al. 2015) . Statistical analyses have also been conducted on the relationship between lightning activity and topographic influences. Kotroni and Lagouvardos (2008) analyzed 1-yr CG lightning data in the Mediterranean Sea region and found that the relationship between lightning and terrain elevation differs from season to season. Bourscheidt et al. (2009) analyzed CG lightning density in south Brazil, and indicated that it is better correlated with terrain slope rather than elevation. Vogt and Hodanish (2014) studied 10-yr CG lightning data in Colorado and revealed a positive correlation between lightning activity and terrain elevations lower than 1829 m (6000 ft) or above 3200 m (10 500 ft). Cummins (2014) indicated that topography not only affects the incidences and locations of lightning activity but also influences the physical parameters of CG flashes.
With the recent development of advanced lightning detection networks capable of observing IC flashes, some IC flash-related statistical studies have been carried out. By using 4-yr observations of CG and IC lightning data in the continental United States, Boccippio et al. (2001) found that the Z ratio is correlated with ground elevation, but little evidence to support a latitudinal correlation. They also found that local high Z ratio anomalies coincide with anomalies in the percentage of positive CG flashes relative to the total CG flashes (P PCG ). By examining the climatology of IC lightning characteristics, Pinto et al. (2003) found that P PCG is correlated with IC flashes in the north of Brazil. Similar results were found by Rivas Soriano and de Pablo (2007) . More recent studies have indicated that total lightning (CG and IC) data are more useful than CG lightning data alone for severe-weather warnings (Schultz et al. 2011; Chronis et al. 2015; Nishihashi et al. 2015) . Therefore, statistical analyses of lightning characteristics using both CG and IC lightning data should provide a better understanding of the statistical nature and climatology of lightning activity and the associated severe convective weathers, which has not been studied in depth until now.
Numerous studies have examined the lightning characteristics over the Beijing metropolitan region (BMR) and its adjacent regions, mainly based on CG lightning data. These studies have shown that more lightning activity occurs during the summer months (June-August), with the main peak in the afternoon and a secondary peak at night, and more lightning activity occurring over its southwestern and northeastern mountains (Qie et al. 1991; He and Li 2005; Zheng et al. 2005; Zhou et al. 2009; R. Li et al. 2013) . As previous studies have not included IC flashes, which usually account for a large percentage of total lightning activity, their results only provide a limited understanding of lightning characteristics. In fact, Xue et al. (1999) used both CG and IC lightning data at a single station to examine the lightning activity in Beijing's summer season, but found a higher-thanexpected percentage of CG flashes (i.e., 46%-79%). As the lightning location system they used only had a low-frequency (i.e., 500-350 kHz) sensor with limited ability to detect IC lightning, their results appeared to underestimate the amount of IC flashes. J. Li et al. (2013) used the data from Surveillance et Alerte Foudre par Interférometrie Radioélectrique (SAFIR)-3000 to study the spatiotemporal variations in lightning activity over north China. They found that CG and IC flashes have similar characteristics, except that the IC flashes have one diurnal peak whereas CG flashes have two diurnal peaks. Their study was concentrated on north China, but the detailed CG and IC lightning characteristics over the BMR were not clearly revealed.
In this study, lightning data measured by the Beijing SAFIR-3000 lightning location system were used. The data have been successfully applied to analyze lightning activity in severe convective events over the BMR (Zheng et al. 2009; Liu et al. 2011 Liu et al. , 2013 . Zheng et al. (2009) studied the total lightning characteristics and electric structural evolution in a hailstorm and found that IC lightning discharges constitute the main part of the total lightning and that the average P PCG of 20% is higher than that in a normal storm. Liu et al. (2011) studied the total lightning activity in a leading-line and trailing stratiform mesoscale convective system (MCS) over the BMR. They found that most lightning flashes are IC flashes with 25% mean positive CG flashes, and that most of the IC lightning occurs at an altitude of about 9.5 km. Later, Liu et al. (2013) deduced electric charge structures using this lightning data and revealed that the vertical structure of lightning radiation sources evolves from two layers into three layers in a squall line over north China. These case studies showed that the SAFIR-3000 lightning data are very useful for gaining a better understanding of lightning characteristics. The major purpose of the present study was to determine what new lightning characteristics over the BMR could be found by analyzing both CG and IC flashes during the 3-yr period of 2005-07. In particular, we aimed to gain some new knowledge on the relationship between lightning activity and topography over the BMR, with the overarching goal of showing the utility of the SAFIR-3000 data for improving convective weather forecasts.
The next section describes the data and methodology used in this study. Section 3 presents a statistical analysis of the CG and IC lightning flashes, including annual, monthly, diurnal, and spatial variations. A summary and concluding remarks are given in the final section.
Data and methodology
The BMR is the capital of China and occupies an area of 16 410 km 2 , with a population of about 21.7 million (Beijing Municipal Bureau of Statistics 2015). Before studying the lightning characteristics over the BMR, it is necessary to first describe its topography. As shown in Fig. 1 , the BMR is surrounded by the Yan Mountains in the north and the Taihang Mountains in the west (1000-1500 m) and is open to the north China plains in the southeast (20-60 m). Sharp terrain slopes between the mountains and the plains occur over the BMR. The convective activities are closely related to the topography. Previous studies have indicated that deep convective activities are often triggered over foothills (Wang et al. 2014 ) and then propagate from the mountains to the plains . Observations have also shown that thunderstorms usually experience rapid intensification over foothills and intensify further after moving over the plains Huang et al. 2012 ). Furthermore, recent lightning studies have shown that rapid increases in total lightning flashes are well correlated with intensifying thunderstorms (Chronis et al. 2015; Schultz et al. 2015) .
Lightning data used in this study were obtained from the SAFIR-3000 lightning location system, which is a three-dimensional multistation detection system that can discriminate between CG and IC flashes. Each station in the system has a very high frequency (VHF) sensor (110-118 MHz) and a low-frequency (LF) sensor (300 Hz-3 MHz). The VHF sensor provides accurate angular localization of IC flashes, and the LF sensor mainly detects CG flashes. The SAFIR-3000 sensors detect the time, location, polarity, and peak current of the radiation sources associated with lightning. The Beijing SAFIR-3000 lightning detection network consists of the following three substations ( Fig. 1 2 of the BMR and its surroundings. The locations of radiation sources are detected using the method of triangulation through GPS time-synchronized direction of arrival provided by interferometric sensors at the three substations and then transmitted to the central station at the Beijing Meteorological Bureau.
It is claimed that both the LF and VHF sensors of SAFIR-3000 have a detection efficiency of up to 90% and a location error of less than 2 km in an effective detection area of around 200 km from the center of the substations (Zheng et al. 2009 ). However, evaluations of SAFIR-3000 in other places have found that the lightning detection network may not achieve the claimed performance (Gao 2009 ); thus, the spatial variations in location accuracy and detection efficiency should be discussed carefully first. The spatial variation in the location accuracy shows that the best detection area is inside the triangle defined by the three substations, and location errors increase significantly with increasing distance from the center of the triangle (Fig. 2) . The area with a location error of less than 2 km covers most of the BMR, including the southeastern plains (less than 1.5 km), the southwestern mountains, and the northeastern mountains. The lowest location accuracies occur over the northwestern mountains (2.0-3.5 km), especially in the northern margins of the BMR (greater than 3.5 km). Unfortunately, the spatial variation in detection efficiency is not provided by Vaisala, Inc., the supplier of SAFIR-3000. However, it can be reflected in the spatial variation of lightning peak current, because fewer lightning flashes with a lower peak current should be observed with decreasing detection efficiency (Gao 2009 ). As mentioned above, it can be seen that the mean peak current significantly increased with distance from the center of the SAFIR-3000 network (Fig. 3) . From the distance variations in mean peak current, it can be inferred that the best detection efficiency is within the triangle of the three substations (with a distance range of 0-80 km), because the values of mean peak current remained at a low level with little variation (blue colors in Fig. 3 ). Obvious decreases in the detection efficiency were divided into three distance ranges (green, yellow, and red colors in Fig. 3 ). In the BMR, the SAFIR-3000 network had the best detection efficiency over the southeastern plains, and had some decreasing detection are believed to be optimal because of the best performance of the network in this period. Therefore, in this study, the lightning statistics over the BMR were examined by using the 3-yr (2005-07) SAFIR-3000 lightning data.
The SAFIR-3000 lightning location system only detects radiation sources associated with IC flashes, but one IC flash usually produces one or more radiation sources. Thus, data quality control was necessary to group radiation sources into lightning flashes, following Liu et al. (2011) . In this method, radiation sources detected within 1 s and at a distance of less than 10 km from each other are grouped together as a lightning flash. And the arrival time, position, altitude, etc. of the first recorded radiation source are regard as the attributes of the lightning flash. Since previous IC observations in north China have shown little IC lightning activity occurring below 1 km, IC flashes below 1 km in this lightning network were removed. Furthermore, previous radar observations have shown that cloud tops over the BMR seldom exceed 16-km altitude, so IC flashes at altitudes higher than 18 km were considered unrealistic and were also neglected. Similarly, the first return stoke is treated as a CG flash in SAFIR-3000. As in previous studies (Antonescu and Burcea 2010; Poelman 2014; Taszarek et al. 2015) , a positive CG flash with a peak current of less than 10 kA was considered as an IC flash.
CG flash density (i.e., the number of flashes per square kilometer) is usually computed on 10 km 3 10 km (or 0.18 3 0.18, longitude 3 latitude) or 20 km 3 20 km (or 0.28 3 0.28, longitude 3 latitude) grid cells (Antonescu and Burcea 2010; Liou and Kar 2010; Taszarek et al. 2015; Xia et al. 2015) . In this study, 0.18 3 0.18 (longitude 3 latitude) grid cells were used to compute the CG flash density. The same computation method was also applied to the IC flash density, P PCG , and Z ratio. A lightning day in the BMR was defined as a day with at least two observations of lightning flashes (CG or IC) in area of the BMR. To examine the spatial variation in lightning days, the grids with a resolution of 0.018 3 0.018 (longitude 3 latitude) are used to provide smoother climatology maps of lightning days. And the lightning day on the grids was defined as a day with at least two observations of lightning flashes (CG or IC) in a range of 15 km around the grids. Similar methods have been used by Czernecki et al. (2016) , Enno (2015) , Novák and Kyznarová (2011), and Taszarek et al. (2015) , as the combination of threshold values has proven to provide lightning days that best correspond to human observations. The lightning days data were divided into five intensity grades according to their daily flash counts (2-10, 11-100, 101-1000, 1001-10 000, and .10 000), following Taszarek et al. (2015) , to determine the intensity of the thunderstorms contributing to the BMR's lightning statistics.
Results

a. Annual variations
The 3-yr lightning statistics showed the occurrence of 196 789 IC flashes and 44 879 CG flashes over the BMR, with large year-to-year variability (Table 1) . Clearly, most of the lightning flashes were IC flashes (81.4%), and CG flashes only accounted for a small portion of the total flashes (18.6%); 13.5% of these CG flashes were positive. The Z ratio has been used to understand the characteristics of IC flashes in relation to latitude and altitude (Price and Rind 1993; Boccippio et al. 2001) . The BMR's 3-yr and regionally averaged Z ratio was 4.38 as compared with a zonally averaged Z of 2.64-2.94 over the continental United States (latitude: 258-508N; altitude: 0.5-1.7 km) (Boccippio et al. 2001 ) and 3.48 over the Iberian Peninsula (latitude: 358-448N) (Rivas Soriano and de Pablo 2007) . This implies that IC flashes are more common in the BMR than in the above regions. In particular, Table 1 shows that the annual IC flash rate varied by nearly a factor of 3. All this indicates that a spatiotemporal analysis of both IC and CG flashes, as described in the next three subsections, is highly desirable for understanding lightning characteristics over the BMR. During the 3-yr period of 2005-07, a total of 299 lightning days (about 99 days yr 21 ) were identified over the BMR, which produced a total of 241 493 lightning flashes. To estimate the intensity of lightning days, the flashes were divided into five intensity grades (1-5) with daily total flash counts of 2-10 (124 days), 11-100 (53 days), 101-1000 (67 days), 1001-10 000 (52 days), and .10 000 (3 days). It is evident from Tables 2 and 3 that the grade 4 lightning days were the most influential lightning events during the study period, because they produced 70% of the total flashes and had the most lightning hours. Lightning days in grades 1 and 2 accounted for more than half of the total lightning days (177 days), but they only made a small contribution to the total number of lightning flashes (about 1%). Thus, their characteristics were hard to see when all grades were considered together. In contrast, although there were only three cases of the most intense lightning days (grade 5) during the study period, they produced a large number of lightning flashes (Table 4) ; thus, they should not be neglected. Therefore, it was necessary to divide lightning days into different intensity grades and discuss the lightning characteristics at different intensities. Table 3 shows the durations and lightning-producing efficiencies of the lightning days. An evaluation of the average duration hours per lightning day revealed that lightning hours increased with lightning intensity (e.g., from 1.8 h in grade 1 to 9.8 h in grade 4) but remained nearly constant when reaching grades 4 and 5. Similarly, the flash counts per lightning day and per lightning hour both showed rapid increases with intensity grades, much faster than the increased duration hours. This implies that lightning-producing efficiency (i.e., flashes per lightning day or lightning hour) was a more significant characteristic than duration during intense lightning days. A further analysis of the lightning properties, given in Table 5 , showed that the more intense the lightning days were, the more frequent IC flashes were [as exhibited by the percentage of CG flashes (P CG ) and the Z ratio, except for grade 1], and the less frequent positive CG flashes were (as shown by P PCG ).
b. Monthly variations
The monthly variations in both CG and IC flash counts showed a well-defined thunderstorm season during the summer months from June to August, with 94%-96% of the total flash counts in a year occurring in these months (Fig. 4) . A much smaller number of flash counts were seen during the spring (March-May) and autumn (September-November) months, and there were almost none during the winter months (DecemberFebruary). The monthly peak lightning activity during the summer months has also been found in the CG lightning statistics over the BMR (He and Li 2005; J. Li et al. 2013; R. Li et al. 2013 ) and elsewhere, such as Romania (Antonescu and Burcea 2010) , Belgium (Poelman 2014) , and Poland (Taszarek et al. 2015) . This peak lightning activity is mainly attributed to the monsoon-related regional climate, with rich, warm, and humid air transported to the BMR during the summer months, which favors the presence of thermodynamic instability for convective activity (J. Li et al. 2013; Wang et al. 2014) . Like the CG flashes, IC flashes were also concentrated during the summer months. However, the peak IC flash counts occurred in July, whereas the peak CG flash count was in August. This suggests that taking IC flashes into consideration is necessary for depicting the monthly variation in total lightning flashes. It can also be seen that the percentage of CG flashes (P CG ) varied from 10% in spring and autumn to a peak value of 28% in August (Fig. 4) . Of interest is that while the CG flash counts increased during the summer months, P PCG displayed an almost opposite trend with a minimal value in August. One explanation for the high P PCG in the colder seasons is that the upper positively charged air is often advected away from the lower negatively charged air, because of the presence of large vertical wind shear, and therefore exposed to the ground directly (Takeuti et al. 1978; Brook et al. 1982; Engholm et al. 1990 ). Predominant positive CG flashes are often observed in shallow clouds of MCSs (Engholm et al. 1990; Qie et al. 2002) , while negative flashes tend to occur in deep convective regions (Rakov and Uman 2003, 214-234) . As thunderstorms during colder seasons are usually accompanied with shallower convection, they are more likely to produce positive flashes than those in summer.
The monthly distribution of the 3-yr-averaged lightning days showed a single peak (about 19 days yr 21 ) in
July and over half of the lightning days (54 days yr 21 ) occurred during the summer months (Fig. 5) . The spring and autumn months had similar lightning days (22 and 17 days yr
21
, respectively) and the fewest seasonal lightning days (5 days yr 21 ) occurred during the winter months. The 3-yr-averaged lightning hours (i.e., at least one flash per hour) showed that the most frequent lightning activity occurred during the summer months, ranging from 300 to 400 h month 21 , as compared with fewer than 100 h month 21 in the other seasons (Fig. 5) .
The 3-yr-averaged lightning hours per day declined from 7.3 to 6.0 h day 21 from June to August (Fig. 5) , indicating that on average the duration of lightning hours in June lasted 1.3 h longer than those in August. The results revealed that lightning days in August were more intense than those in June because they had more lightning flashes within shorter durations. Figure 6 shows the monthly variation of the percentages of the five intensity grades. The results showed that grade 1 lightning days were dominant in the cold season when thunderstorms were inactive (Fig. 4) . After entering the warm season (May-September), grade 1 lightning days dropped rapidly to less than 10% in June. At the same time, more intense lightning days increased rapidly, and grade 3 and 4 lightning days increased to 40% and 29% in June, respectively. The summer months were dominated by grade 4 and 5 lightning days and accounted for 38% of the total lightning days at their peaks in July. It is evident from the monthly variation of CG and IC flash counts in the different intensity grades that both CG and IC flash counts in almost all grades mainly occurred during the summer months ( Fig. 7) , except for the IC flash counts in grade 1 with more flashes during the spring and autumn months.
c. Diurnal variations
Previous lightning statistics have shown that the diurnal variation in CG lightning activity over the BMR usually exhibits a bimodal shape with two peaks, one in the late afternoon and the other at night, with a minimum in the late morning (He and Li 2005; Zheng et al. 2005; Zhou et al. 2009; J. Li et al. 2013) . Similar to previous studies, both CG and IC flash densities displayed a main peak around 1900 BST and a secondary peak around 2300 BST (Fig. 8a) . However, we could see active lightning occurring during the morning hours, with a peak of CG (IC) lightning around 0600 BST (1000 BST), which has not been mentioned in previous lightning statistics. However, the pronounced lightning activity coincided well with a separate rainfall peak usually found in the early morning after some MCSs propagated from the western mountains to the southeastern plains Yin et al. 2011; Yang et al. 2013; Yuan et al. 2014) .
Some previous studies have shown the influence of the mountain-plain circulation on the diurnal variations in convective initiation and precipitation over the BMR (Yin et al. 2011; Yuan et al. 2014) . Such topographical influences can be clearly seen in Fig. 9 . The peak flash counts in the northeastern and southwestern mountainous areas mainly occurred in the afternoon, while those in the southeastern plains often occurred at night or in the morning. The results are consistent with the diurnal variation of precipitation that often initiates in the afternoon over the mountainous regions and then propagates southeastward to the plains at night or in the morning (Yin et al. 2011; Yang et al. 2013; Yuan et al. 2014) . Moreover, the peak CG and IC flash counts in the southeastern plains occurring around 0600 and 1000 BST, respectively, could explain well the lightning peaks in the morning hours shown in Fig. 8a .
While Fig. 8a shows typical smooth diurnal cycles of CG and IC flashes, their corresponding percentages (i.e., P CG and P PCG ) and Z ratio exhibited irregular fluctuations (Fig. 8b) . Part of the fluctuations may be attributed to the development of a few intense thunderstorms with extreme lightning activity (Table 4) characteristics could still be found from Fig. 8b . There was an obvious negative correlation (20.83) between P CG and P PCG , indicating that P PCG may be useful for estimating the percentage of CG or IC flashes when only CG lightning data are obtained. Furthermore, there was a positive correlation between the Z ratio and P PCG (0.74) that roughly showed an increasing trend after 1200 BST and a declining tendency after sunset. This positive relationship has been reported elsewhere, such as the continental United States (Boccippio et al. 2001) , northern Brazil , and the Iberian Peninsula (Rivas Soriano and de Pablo 2007) . This positive correlation could be helpful for severe-weather forecasters, as a high P PCG value is often related to severe storms such as tornadoes and hailstorms (MacGorman and Burgess 1994).
More interesting information about the diurnal variations of lightning can be obtained when they are examined in the framework of the five intensity grades of lightning days. We found five or six distinct diurnal peaks for the five intensity grades (Fig. 10) . The main diurnal peaks for grades 1-4 occurred during 1600-1900 BST, with a tendency of more intense lightning days having their peak intensities occurring at later times, especially for the IC flashes. This tendency may be determined by the life span and organization of thunderstorms, as they were more active in later afternoon and tended to dissipate after sunset in the absence of larger-scale forcing. Both the CG and IC flashes had secondary diurnal peaks during 2300-0200 BST, which was consistent with the results shown in Fig. 8a . In comparison, grade 5 lightning days showed steep peaks in the morning hours, CG lightning at 0600 BST, and IC lightning at 1000 BST, with a secondary peak at 2200 BST (Table 4 ). The major peak accounted for the minor diurnal peak in the morning shown in Fig. 8a , and the secondary peak fitted well the above-mentioned tendency.
Spatial variations in the diurnal cycles of the different intensity grades are shown in Fig. 11 , which shows more organized structures of the peak flash vectors for higherintensity grades. For example, grades 1 and 2 exhibited a few hourly flash counts in each grid, with the peak intensity occurring at all times (Figs. 11a,b) . As the intensity grade increased, more organized flash vectors occurred in the afternoon over the southwestern mountains (Fig. 11c) , and in the evening and early morning over the southeastern plains (Fig. 11d) . The southeastward delayed diurnal phases were consistent with those of precipitation and thunderstorm activity over the BMR, as revealed by previous studies Yin et al. 2011; Wang et al. 2014; Yuan et al. 2014) . Note that the organized peak flash vectors in the morning over the southeastern plains (Fig. 11e) , as also indicated in Fig. 9 , were mainly contributed by the three extremely strong lightning days in grade 5 (Table 4) .
d. Spatial variations in flash density
It can be seen that the spatial variations in the flash density varied significantly from 2005 to 2007 (Fig. 12) . Of significance is the contrast in flash density between the mountains and the plains, roughly separated by the 200-m terrain elevation. Despite the pronounced yearto-year variability in flash density, their spatial variation exhibited similar characteristics. Most flashes occurred in the southeastern plains (including the BMR's urban areas), and secondary large flash counts occurred over the foothills (i.e., around the 200-m elevation) in the FIG. 9 . Spatial distribution of the peak hourly (a) CG and (b) IC flash counts (flashes per hour) during the day on a 0.18 3 0.18 grid resolution for the 3-yr period of 2005-07 over the BMR. The vector length denotes peak hourly flash counts, and its direction denotes the corresponding peak hour (BST), which is illustrated by the clock in the top-left corner. The vector pointing north (east, south, west) indicates BST of 0000 (0600, 1200, 1800), and every 6-h interval shares a common color (e.g., 0100-0600 share the blue color). The red lines denote the 200-m terrain elevation. northeastern and southwestern portions of the BMR. However, a much smaller number of flashes were observed in the northwestern mountainous regions, perhaps attributed to the deceasing detection efficiency in these regions. The results are consistent with previous CG lightning statistics that show lightning activity over the BMR is closely related to local topography and the underlying surface (He and Li 2005; Zheng et al. 2005; Zhou et al. 2009 ). Note that the above lightning statistics were mostly found in the IC flashes, and the CG flash densities were much smaller than IC flash densities. On average, the annual regional CG and IC flash densities were 0.91 and 3.95 flashes per kilometer squared per year, respectively, and exhibited similar southeastwardly increasing distribution patterns (cf . Figs. 12a,b) . The annual CG flash density was slightly less than the 1.0-3.0 flashes per kilometer squared per year over the BMR obtained by R. Li et al. (2013) using CG lightning data from the advanced time of arrival and direction (ADTD) system. Evidently, the IC flash density complements our understanding of lightning activity and its relation to convective activity, because it dominates the total flash density (Fig. 12) and has more robust correlation with severe convective events (Schultz et al. 2011) .
It can be seen that the spatial variations in the mean CG and IC flash densities during different seasons contrasted sharply (Fig. 13 ) (winter season is not shown because the values were too small). During the spring months, higher flash densities were found in the northeastern and southwestern mountainous areas for both CG (Fig. 13a ) and IC flashes (Fig. 13d) , implying that thunderstorms in spring usually initiate and dissipate over the mountainous regions and are short-lived. During the summer months, higher CG flash densities were found over the northeastern and southwestern foothills as well as the southeastern plains and urban areas, with maximum values of over 1.8 flashes per kilometer squared per year (Fig. 13b) ; higher IC flash densities were mainly found over the southeastern plains with maximum values of over 10.0 flashes per kilometer squared per year (Fig. 13e) . Both the CG and IC flash densities showed the peak values in the plains, indicating the propagation of intensifying storms from the mountains to the plains with increased lightning flashes . A difference between them was that more CG flashes occurred over the urban area. This has also been found over the large urban areas of southeastern Brazil and attributed to possible thermal and aerosol effects (Naccarato et al. 2003) . Flash density declined sharply from the summer months to the autumn months, with higher values (e.g., 0.05-0.10 CG flashes per kilometer squared per year and 0.30-1.00 IC flashes per kilometer squared per year) mainly occurring over the northeastern and southwestern foothills (Figs. 13c,f) . Unlike in the summer months, little lightning activity could be found over the BMR's urban areas.
e. Spatial variations in lightning days
The spatial variations in the lightning days are presented in Fig. 14 . It can be seen that 2006 was the year of most frequent lightning days. Higher values were distributed on the northeastern and central foothills and in the southeastern plains (42-48 days), and in the southwestern mountainous areas (32-42 days) (Fig. 14b) . On average (Fig. 14d) , lightning days of at least 24 days yr ). The northwestern mountains were the areas with the fewest lightning days. The impact of decreasing detection efficiency on the lightning day results was probably not as significant as the flash density, because only two flashes detected in a day can define a lightning day. Thus, the fewest lightning days observed on the northwestern mountains may be attributed to the weakest lightning activities. The spatial variations in lightning days also exhibited obvious monthly variations. Most of the lightning days occurred in the warm season (Figs. 15d-h) , especially during the summer months (Figs. 15e-g ). Higher values (over 10 days yr 21 ) of lightning days were distributed in the mountainous areas in June (Fig. 15e) and in the southeastern plains in July (Fig. 15f) , implying that thunderstorms in June tended to initiate and stay in the mountainous areas and those in July were more likely to propagate from the mountains to the plains. It is noteworthy that while flash counts in August were appreciable (Fig. 4) , the lightning days (Fig. 15g) were obviously lower than those in June and July, with 6-8 days covering most parts of the BMR. This implies that thunderstorms in August were stronger and produced more flash counts in a lightning day than the other months, which confirms the results of Fig. 5 .
The spatial variations in lightning days with different intensity grades showed that the most influential lightning days of grade 4 were widely distributed in the southeastern plains with a maximum of over 48 days (Fig. 16d) , close to its 52 total lightning days, suggesting further the larger-scale influences of grade 4 lightning days. In contrast, although the weak lightning days of grade 1 had the most frequent occurrences of 124 days over the BMR, they were mainly distributed in the southeastern plains with a maximum of about 30 days, implying that weak lightning days influenced small regions and tended to be localized. The lightning days with moderate intensities (i.e., grades 2 and 3) were mostly located over the northeastern and southwestern mountainous areas (cf . Figs. 16b,c and 15d,e) , while the lightning days with strong intensity (grades 4 and 5) were mostly located in the southeastern plains (cf. Figs. 16d,e and 15f,g), suggesting that thunderstorms propagating from the mountains to the plains were more directly related to intense lightning days.
f. Spatial variations in polarity characteristics and Z ratio
To facilitate comparisons with previous lightning studies, Fig. 17 shows the spatial variations in polarity characteristics and the Z ratio. Most positive CG flashes were distributed in the northeastern and southwestern mountainous areas and in the southeastern plains with a maximum flash density of over 0.18 flashes per kilometer squared per year (Fig. 17a) . Meanwhile, higher negative CG flash densities were mostly found in the southeastern plains with a maximum of over 1.50 flashes per kilometer squared per year (Fig. 17b) , which was much greater than the positive CG flash densities. Both the spatial variations in positive and negative CG flash densities were significantly impacted by the detection efficiency. It is noted that the areas of higher values of negative CG flash densities were much smaller than that of positive CG flash densities. The reason mainly lies in that the decreasing detection efficiency of negative CG flashes was more significant than for positive ones. Higher P PCG values (greater than 15%) were found in the mountainous areas, especially over the northwestern mountains with a maximum of more than 40%, while P PCG values of less than 15% were distributed in the plains (Fig. 17c) . This pattern was opposite to the spatial variation of CG flashes, but the possible relationship between P PCG and elevation is still uncertain. However, much higher values of P PCG were seen over higher elevations, for example, more than 40% over the northern mountains. This is much greater than local high P PCG anomalies found elsewhere, such as 10%-20% in the upper Midwest United States (Orville and Huffines 2001) , more than 6% in the northeastern parts of Poland (Taszarek et al. 2015) , and greater than 18% in northwestern China (Yang et al. 2015) . Such a large P PCG seems to be caused by the lower detection efficiency in the north of the BMR (Liu et al. 2013) , as positive CG flashes usually have higher peak currents, thus are easier to detect than negative ones (Orville 1994) . The distribution of the Z ratio with a maximum in the southern plains is similar to the distribution of IC flash density, except for the large anomalies in the northern mountains (Fig. 17d) , which is again attributed to the lower detection efficiency of CG flashes.
Summary and concluding remarks
In this study, we examined the CG and IC lightning characteristics over the BMR using data from the SAFIR-3000 lightning location system during the period of 2005-07. The lightning activity statistics, spatiotemporal variations and polarity characteristics, including the Z ratio, and lightning days with different intensities were analyzed. The topographic effects on the spatiotemporal features and polarity characteristics of lightning activity were also investigated. The main results are summarized below.
1) The 3-yr lightning statistics showed a total of 299 lightning days with 241 668 lightning flashes over the BMR, among which IC and CG flashes accounted for 81% and 19%, respectively. Negative CG flashes were more frequent than positive ones with a 3-yraverage P PCG of 13.5%. A Z ratio of 4.38 was found over the BMR, which is much higher than that for the continental United States (2.64-2.94; Boccippio et al. 2001 ) and the Iberian Peninsula (3.48; Rivas Soriano and de Pablo 2007) . This implies that IC flashes are more common over the BMR. 2) The monthly variations in lightning activity (both CG and IC) showed the largest contributions of flashes and high-intensity-grade lightning days during the summer months. Similar peak months of lightning activity were also found in other areas of the Yangtze River basin and southern China (Xia et al. 2015) , the continental United States (Villarini and Smith 2013) , Belgium (Poelman 2014) , and Poland (Taszarek et al. 2015) . In contrast, lightning days with lower intensity grades usually occurred during the spring and autumn months. Unlike P CG , which showed a monthly variation similar to CG flashes, P PCG exhibited an opposite trend, with higher values occurring during the spring and autumn months and lower values during the summer months. The results also showed significant topographic effects on the monthly spatial variations in lightning density, with higher values on the northeastern and southwestern mountains during the spring months and over the southeastern plains during the summer months.
3) The diurnal variations in lightning activity showed a major peak around 1900 BST and a secondary peak around 2300 BST. An analysis of the diurnal spatial variation showed different diurnal peaks over the BMR's mountainous and plains regions: an afternoon peak on the northeastern and southwestern mountains and a night peak in the southeastern plains. This result is consistent with the diurnal variations in rainfall events and convective initiations over the BMR (Wang et al. 2014; Yuan et al. 2014) , indicating the important roles of local topography in determining the lightning activity and convective weather. Moreover, an obvious negative correlation between P CG and P PCG and a positive correlation between P PCG and the Z ratio were also found. 4) The spatial variations in flash density showed significant differences between the mountainous and plain areas. Although the mean CG and IC flash densities differed in magnitude, they all exhibited a southeastwardly increasing pattern from the northwestern mountains to the southeastern plains. Similarly, the lightning days also showed higher values in the southeastern plains and northeastern and southwestern mountains, and minimum values on the northwestern mountains. In addition, lightning activity on intense lightning days often occurred in the southeastern plains, while on weak lightning days it often occurred in the northeastern and southwestern mountainous regions. However, previous studies of CG lightning flashes over the BMR have shown that higher lightning densities are often distributed on the southwestern and northeastern mountains (Qie et al. 1991; He and Li 2005; Zheng et al. 2005; Zhou et al. 2009; R. Li et al. 2013) . The results in this paper confirm the spatial distributions in previous studies, except for the higher lightning densities in the southeastern plains and lower densities in the northwestern mountains. The differences were perhaps caused by the deceasing detection efficiency from the southeastern plains to the northwestern mountains.
The detection efficiency decreased significantly with increasing distance from the center of the three substations, and the possible influence of inhomogeneity on the spatial variations in lightning characteristics should be discussed in this paper. The higher detection efficiency in the southeastern plains could cause more observed flashes, and the lower detection efficiency on the northwestern mountains could result in the detection of fewer flashes. Furthermore, the influence of decreasing detection efficiency differed between positive CG (PCG), negative CG (NCG), and IC flashes and may have induced the anomalous high P PCG values and Z ratio in the southwestern and northern margins of the BMR, where the most significant reduction in detection efficiency appeared. To examine the distinct contrast in lightning densities on the southeastern plains and northwestern mountains, independent observations of hourly precipitation from automatic weather stations (AWS) and temperature of bright blackbody (TBB) from the FY-2C satellite (Chinese geostationary meteorological satellite of Fengyun series) were applied to compare the spatial variations with SAFIR-3000 lightning data. Previous studies have shown that lightning activity is more closely related to convective rainfall during the warm season (Petersen and Rutledge 1998; Tapia et al. 1998; Soula and Chauzy 2001) . Therefore, only heavy-precipitation events with total amount of rainfall greater than 10 mm h 21 (Miao et al. 2016 ) during the summer months of 2005-07 were examined to exclude the small rainfalls caused by stratiform clouds. It was also found that the climatological characteristics of convective storms denoted by TBB # 2528C were consistent with those of lightning observations (Zheng et al. 2007 ). The results showed that the total amount of heavy rainfall was larger in the southwestern and northeastern mountains. In the southeastern plains (especially in the urban area), the rainfall amount was significantly larger than that in the northwestern mountains (Fig. 18a) . Meanwhile the higher percentages of TBB # 2528C were distributed in the northeastern mountains and southeastern plains, and the lowest percentages were in the northwestern mountains (Fig. 18b) . The spatial variation of heavy rainfall amount and TBB # 2528C verified that the difference between the lightning densities in the southeastern plains and northwestern mountains really existed even though they were impacted by the decreasing detection efficiency. It is noted that the conclusions on the monthly variation only take into account a 3-yr period of lightning data, so they must be carefully drawn and compared with previous studies. The monthly peak flash counts of CG and IC during the summer months (June-August) found in this study are consistent with the results of previous studies in the BMR (He and Li 2005; J. Li et al. 2013; R. Li et al. 2013 ) and in other places, such as Romania (Antonescu and Burcea 2010) , Belgium (Poelman 2014) , and Poland (Taszarek et al. 2015) . Therefore, although the study period was short, the conclusions on the monthly variations perhaps could reflect the monthly climatological map of lightning characteristics over the BMR. Meanwhile, the influence of individual lightning days with high lightning counts on the results of diurnal variations is negligible, as only the 3-yr data were included. The intense lightning days mainly caused the small diurnal peaks in the morning, and bimodal shapes of diurnal variations and more organized distributions of peak hourly IC flashes were found when the strong lightning days with intensity grade 5 were excluded (figure omitted).
The results obtained suggest that the SAFIR-3000 lightning detection system can be an effective tool in thunderstorm surveillance. Moreover, some recent studies have assimilated total lightning data into mesoscale numerical models to forecast severe storms (Fierro et al. 2012; Marchand and Fuelberg 2014) . Thus, the SAFIR-3000 data could be more useful than CG flashes alone for improving model forecasts of severe storms over the BMR. 
